This study examined the heat transfer coefficient, friction loss, pressure drop and pumping power needed for the use of nanofluid coolants made of a mixture of suspension of graphene nanoplatelets-silver in water in a rectangular duct. A series of calculations were performed for the coolant volume flow rate in the range of 5000 ď Re ď 15,000 under a fully developed turbulent flow regime and different nanosheet concentrations up to 0.1 weight percent. The thermo-physical properties of the nanofluids were extracted from the recent experimental work of Yarmand et al.
Introduction
Heat exchangers are widely used in industries to effectively transfer thermal energy from one medium to another. They are typically classified according to the flow arrangement and the type of heat exchanger construction. The focus of the present study is the non-circular cross-section's plate heat exchangers which are used extensively in various applications including in power generation and power recovery, the food industry, the chemical industry, refrigeration and air conditioning systems [1] . The compact design and the high energy efficiency of the plate heat exchangers have made them quite attractive [2] . Plain and corrugated plate heat exchangers with non-circular cross-sections have shown Table 1 . Thermo-physical properties of the base fluid and nanofluids [18] . In the present study, regressions of the experimental data were performed and empirical equations for the effective viscosity and thermal conductivity of the nanofluid were obtained. Accordingly, for 0.0 wt. % ď φ ď 0.1 wt. % and 20˝C ď T ď 40˝C, µ " 0.001425`p0.001803ϕq`´´1.80ˆ10´5T¯ (1) κ " 0.508205`p1.121081ϕq`´0.057156T 2¯ ( 2) The nanofluid heat capacity was then computed through the recommended expressions of Togun et al. [19] and Safaei et al. [7] : pρc p q n f " p1´ϕqpρc p q f`ϕ pρc p q s (3) Figure 1 compares the predictions of Equations (1) and (2) for effective thermal conductivity and effective viscosity of the nanofluids for a range of temperature and solid fractions. It is seen that the effective thermal conductivity of nanofluids increases with the increase of temperature as well as the solid weight fraction. The net increase is about 30% for the range of parameters considered in this figure. Figure 1b shows that the effective viscosity of nanofluids increases with the increase of the solid weight fraction by about 8%, while the viscosity decreases sharply with the increase in temperature. The net decrease is about 45% in the range of the weight fraction and temperature considered. In the present study, regressions of the experimental data were performed and empirical equations for the effective viscosity and thermal conductivity of the nanofluid were obtained. Accordingly, for 0.0 wt. % ≤ φ ≤ 0.1 wt. % and 20 °C ≤ T ≤ 40 °C,
The nanofluid heat capacity was then computed through the recommended expressions of Togun et al. [19] and Safaei et al. [7] : (1) and (2) for effective thermal conductivity and effective viscosity of the nanofluids for a range of temperature and solid fractions. It is seen that the effective thermal conductivity of nanofluids increases with the increase of temperature as well as the solid weight fraction. The net increase is about 30% for the range of parameters considered in this figure. Figure 1b shows that the effective viscosity of nanofluids increases with the increase of the solid weight fraction by about 8%, while the viscosity decreases sharply with the increase in temperature. The net decrease is about 45% in the range of the weight fraction and temperature considered. 
Figure 1 compares the predictions of Equations

Physical Model
A rectangular duct with length L = 2000 mm, width W = 200 mm and depth H = 25 mm was considered in this study. The outer surfaces of the duct heat exchanger are assumed to be insulated. The working nanofluids are mixture of water with GNP-silver. A range of solid volume fraction up to 0.1 wt. % was studied. The thermo-physical properties of the base fluid and nanosheets are provided in Table 1 .
Empirical Expressions
In this simulation effort, fully developed flows in the turbulent regime are assumed [18, 20] . The nanofluid is also incompressible. For the rectangular duct with width W and height H, the cross-sectional area and wetted perimeter are given as:
The corresponding hydraulic diameter then becomes,
The flow Reynolds number and the Peclet number are defined as: 
Physical Model
Empirical Expressions
The flow Reynolds number and the Peclet number are defined as:
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where Pr " υ m α m is the Prandtl number where the heat diffusivity of the nanofluid is given as
and
is the kinematic viscosity of the nanofluid. The Nusselt number in fully developed duct flows in a turbulent flow regime is given as [18] :
Nu " hD h k " 0.0017066Pr 1.29001 Re 0.9253 (10) Following the work of Yarmand et al. [18] , the friction factor is estimated as:
The pressure drop and pumping power of the nanofluid are given, respectively, as:
The predictions of Equations (10)- (12) were evaluated compared with the CFD results and the experimental data for model validation in the following section.
Governing Equations for CFD Simulation
Based on the recommendation of [21, 22] , for the CFD modeling of nanofluids, the equations of continuity, momentum, energy and transport for k and ε according to the Renormalization Group (RNG) turbulence model are solved. These are:
Here α m and υ m are given by Equations (8) and (9) and the effective viscosity and heat conductivity are given by Equations (1) and (2) . The eddy viscosity is evaluated from the Prandtl-Kolmogorov relation:
of 12
The turbulence kinetic energy production term is given as:
The buoyancy term, G k , is obtained from:
Also, R ε in the ε equation is calculated through the following expressions:
The constants of Equations (18) to (24) can be found in Table 2 . Table 2 . Coefficients for RNG k-ε turbulence model [23, 24] .
Validation
Validation of Heat Transfer for Graphene Nanoplatelets-Silver/Wate Nanofluids
To validate the present model for turbulent-forced convection of GNP-silver nanofluids, the predictions of Equations (10) and (11) are compared with the experimental data and the CFD results obtained with use of the ANSYS-FLUENT commercial software. In their study, Yarmand et al. [18] experimentally measured the thermo-physical properties of distilled water/GNP-silver nanofluids as well as the corresponding friction factor and Nusselt number during the flow in a horizontal stainless steel tube under uniform heat flux. The experimental test section had a 10 mm inner diameter, a 12.8 mm outer diameter, and a length of 1.4 m. Experiments were performed in the range of 5000 ď Re ď 17,500, which in the turbulent flow regime. The CFD model was performed using the single-phase fluid model with the effective viscosity and thermal conductivity given by Equations (1) and (2) using the ANSYS-FLUENT code [21, 22] .
For a nanofluid with 0.10 wt. % GNP-silver, the predicted variations of the friction factor as well as the Nusselt number for a range of Reynolds numbers are compared with the experimental data of Yarmand et al. [18] and the results of the CFD study in Figure 2a ,b. It is seen that the present model predictions are in good agreement with the experimental data. However, the CFD simulation results slightly over the predictions of the experimental data. This is attributed to the neglecting effect of the tube outer diameter in the CFD simulations. Overall, from Figure 2 , it is inferred that the present modeling approach is suitable for evaluating the friction factor for the flow of graphene nanoplatelets-silver/water nanofluids. Figure 3 shows the variation of the Nusselt number with the Reynolds number for water and nanofluids with various solid weight percentages. It is seen from the figure that the value of the Nusselt number for the base fluid is lower than those of the nanofluids. Also the Nusselt number increases as the flow Reynolds number increases and/or when the concentration of nanosheets increases. The increase of the Nu with Re, which also occurs for the base fluid, is due to the increase of flow velocity and the associated transport processes in turbulent flows.
Results and Discussion
The higher heat transfer for nanofluids compared to the distillated water is due to the following mechanisms: Figure 3 shows the variation of the Nusselt number with the Reynolds number for water and nanofluids with various solid weight percentages. It is seen from the figure that the value of the Nusselt number for the base fluid is lower than those of the nanofluids. Also the Nusselt number increases as the flow Reynolds number increases and/or when the concentration of nanosheets increases. The increase of the Nu with Re, which also occurs for the base fluid, is due to the increase of flow velocity and the associated transport processes in turbulent flows. In addition, it should be pointed out that the viscosity of the nanofluid increases due to the increase in the nanosheet concentration. Thus, for a fixed pressure drop, a decrease in the Reynolds number and, as a result, a reduction in Nusselt number is anticipated. In summary, Figure 3 points out a direct relationship between the Nusselt number and the concentration of nanosheets, demonstrating the recognizable influence of thermal conductivity on the convective heat transfer over a range of Reynolds numbers. Figure 4 shows the variation of the friction factor with the Reynolds number for different nanosheet weight percentages. The friction factor was calculated from the expression suggested by Yarmand et al. [18] and is given by Equation (11) . Accordingly, the friction factor is a function of the Reynolds number as well as the nanosheet weight percentage. Figure 4 shows that the friction factor decreases with the increase in the Reynolds number or with the reduction of the nanosheet concentration in the base fluid. These trends are similar to those reported by Ray et al. [25] and Goodarzi et al. [16] . The higher heat transfer for nanofluids compared to the distillated water is due to the following mechanisms:
The Brownian motion of nanosheets and the associated micro-scale fluid motion. (2) An increase in the overall thermal conductivity of the suspension as a result of the high thermal conductivity of nanosheets suspended in the carrying fluid.
(3)
A rise in the effective heat transfer surface area among the dispersed nanosheets and the base fluid [16] .
In addition, it should be pointed out that the viscosity of the nanofluid increases due to the increase in the nanosheet concentration. Thus, for a fixed pressure drop, a decrease in the Reynolds number and, as a result, a reduction in Nusselt number is anticipated. In summary, Figure 3 points out a direct relationship between the Nusselt number and the concentration of nanosheets, demonstrating the recognizable influence of thermal conductivity on the convective heat transfer over a range of Reynolds numbers. Figure 4 shows the variation of the friction factor with the Reynolds number for different nanosheet weight percentages. The friction factor was calculated from the expression suggested by Yarmand et al. [18] and is given by Equation (11) . Accordingly, the friction factor is a function of the Reynolds number as well as the nanosheet weight percentage. Figure 4 shows that the friction factor decreases with the increase in the Reynolds number or with the reduction of the nanosheet concentration in the base fluid. These trends are similar to those reported by Ray et al. [25] and Goodarzi et al. [16] . (1) The Brownian motion of nanosheets and the associated micro-scale fluid motion.
(2) An increase in the overall thermal conductivity of the suspension as a result of the high thermal conductivity of nanosheets suspended in the carrying fluid. (3) A rise in the effective heat transfer surface area among the dispersed nanosheets and the base fluid [16] .
In addition, it should be pointed out that the viscosity of the nanofluid increases due to the increase in the nanosheet concentration. Thus, for a fixed pressure drop, a decrease in the Reynolds number and, as a result, a reduction in Nusselt number is anticipated. In summary, Figure 3 points out a direct relationship between the Nusselt number and the concentration of nanosheets, demonstrating the recognizable influence of thermal conductivity on the convective heat transfer over a range of Reynolds numbers. Figure 4 shows the variation of the friction factor with the Reynolds number for different nanosheet weight percentages. The friction factor was calculated from the expression suggested by Yarmand et al. [18] and is given by Equation (11) . Accordingly, the friction factor is a function of the Reynolds number as well as the nanosheet weight percentage. Figure 4 shows that the friction factor decreases with the increase in the Reynolds number or with the reduction of the nanosheet concentration in the base fluid. These trends are similar to those reported by Ray et al. [25] and Goodarzi et al. [16] . In addition to the Nusselt number (heat transfer coefficient), another significant parameter to consider for practical applications of nanofluids in the industry is the flow pressure drop. The variations Fluids 2016, 1, 20 9 of 12 of pressure drop with the Reynolds number for various solid weight percentages are shown in Figure 5 . The pressure drop is a function of the inlet velocity, the thermo-physical characteristics of the fluid and the ratio of the closed conduit length to its hydraulic diameter. Figure 5 shows that the pressure drop increases sharply with the Reynolds number. Moreover, for a particular Reynolds number, the pressure drop is the lowest point for water. The pressure drop increases with the nanosheet weight percentage and reaches its highest value at 0.1 wt. %, which is the highest solid concentration studied. Thus, with the increase in the dispersed nanosheets in the base fluid, both the density and viscosity of the nanofluid increase, causing a higher pressure drop.
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Conclusions
In this study, the performance of GNP-silver water-based nanofluids at different weight percentages flowing in a rectangular duct was tested. A range of turbulent flows with different Reynolds numbers were considered. The enhancement in heat transfer as well as the required pumping power were evaluated and were reported for a cost-benefit analysis of using the GNP-silver nanofluid for practical applications.
The presented results suggest that using a proper concentration of nanosheets in the nanofluid led to an enhancement in the heat transfer compared with the base fluid. In addition, it was shown that the increase in the nanosheet weight percentage increased the friction factor, as well as the corresponding pressure drop and pumping power.
It was concluded that the GNP-silver water-based nanofluid could be used as an effective working fluid in increasing the efficiency of heat transfer in heat exchangers. 
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